Historically, semen parameter studies have included highly selected and nonrepresentative subgroups such as compensated sperm donors, prevasectomy patients, or infertility clinic populations. Moreover, measures of semen quality are very sensitive to the methods of semen collection (including abstinence time) and analysis, which vary significantly among study sites. Further, most analyses of temporal trends and geographic variation in semen parameters have been retrospective and subject to confounding by factors such as smoking or recent high fever that cannot be well controlled retrospectively. These studies have been conducted almost exclusively at andrology centers, which are usually located in urban areas, primarily in Western Europe and North America.
Nonetheless, over the past decade several authors have reported large geographic differences between cities in mean sperm concentration. For example, an international study of testosterone-induced azoospermia found that mean pretreatment sperm concentrations of normal men in nine countries ranged from 52.1 × 10 6 /mL in Bangkok, Thailand, to 103.5 × 10 6 /mL in Melbourne, Australia [World Health Organization (WHO) Task Force on Methods of Regulation of Male Fertility 1996] . A wide range of sperm concentration was also reported in eight cities in France (Auger and Jouannet 1997) . Several recent studies suggest that wide variation is also present among cities in the United States. Wittmaack and Shapiro (1992) examined sperm concentration between 1978 and 1987 in Madison, Wisconsin; mean sperm concentration during this time was approximately 80 × 10 6 /mL. Paulsen et al. (1996) reported a geometric mean of about 50 × 10 6 /mL in Seattle, Washington, during 1972 Washington, during -1993 . A recent study in California found a median sperm concentration of 64 × 10 6 /mL. Fisch and Goluboff (1996) reported large differences in mean sperm concentration in prevasectomy patients from Los Angeles, California; Minneapolis, Minnesota; and New York City, New York, with low concentration in Los Angeles compared with Minneapolis and New York City (72.7 vs. 100.8 and 131.5 × 10 6 /mL, respectively). Because these retrospective studies used data collected under a variety of protocols, differences in population selection or methods of semen analysis may have contributed to these differences.
Recent multicenter studies have sought to eliminate many limitations of earlier studies by standardizing methods and populations. Recognizing that carefully controlled, prospective studies of semen parameters are needed, several multicenter national and international studies have been underway since 1997. The International Study of Semen Quality in Partners of Pregnant Women was recently completed in Europe (Jorgenson et al. 2001 ). This study found significant differences in mean sperm count and other semen parameters between fertile men recruited in Copenhagen, Denmark; Paris, France; Edinburgh, Scotland: and Turku, Finland. For example, sperm concentration in Copenhagen was only 74% that in Turku. The observed differences were not changed appreciably by adjustment for age, abstinence time, and season.
The ongoing Study for Future Families was designed in collaboration with the European study, so that meaningful comparisons can be made between U.S. and European centers. The Study for Future Families examines semen quality and other reproductive parameters of fertile couples recruited at prenatal clinics in four cities in the north, east, west and south-central United States, using methods for clinical examination, data collection, and semen analysis that are identical across U.S. centers and consistent with those used in the European study.
Materials and Methods
Study subjects. In the Study for Future Families, a 4-year study funded by the National Institute of Environmental Health Sciences, we have been recruiting women at prenatal clinics affiliated with university hospitals in Los Angeles (Harbor-UCLA and Cedars-Sinai); Minneapolis (University of Minnesota Health Center); Columbia, Missouri (University Physicians); and New York (Mt. Sinai School of Medicine) since September 1999. We use a standardized recruitment protocol at each center to minimize between-center differences. Any woman who keeps her prenatal appointment at a study clinic during a recruitment session is a potential subject, and the outcome of every potential subject (eligibility and level of participation, if eligible) is determined and recorded in the potential subject database. The couple is eligible unless the woman or her partner is < 18 years of age; the pregnancy was medically assisted; either partner does not read and speak Spanish or English; the father is unavailable or unknown; the couple does not plan to stay in the area (because couples planning to move out of area would be unlikely to complete their study participation); the pregnancy is medically threatened; or either partner is incompetent or a prisoner. We ask eligible women to take home study information and a recruitment video to review with their partners. If the couple agrees to participate, the man completes a questionnaire, receives a physical examination, and gives a blood sample, a urine sample and two semen samples. The woman completes a questionnaire and gives blood and urine samples. All study instruments (including questionnaires, miniquestionnaires, letters, and instructions for the man) were translated into Spanish and backtranslated for accuracy. The instructional video was also produced in both English and Spanish. Subjects are offered monetary compensation, the amount reflecting the cost of living in the study area. In this communication we report semen analysis results from the 512 men who completed participation by 15 November 2001.
For the present study, recruiters asked eligible couples who refused to participate to answer a very brief mini-questionnaire that includes demographics, history of infertility, and time to pregnancy (TTP). They also asked a sample of study participants to answer the same questions. We compared responses between refusals and study subjects to examine selection bias. This issue was also examined by comparing questionnaires of subjects who gave a semen sample with those of men who agreed to participate in the study but preferred not to give a semen sample.
The number of subjects varied by center and was particularly low in New York, where the closure of the Mt. Sinai andrology center in the second study year resulted in a shortened period of recruitment. However, because New York results on study-wide quality control samples were in close agreement with other centers, and coefficients of variation for New York technicians were low, New York data could be meaningfully compared with other centers, despite small numbers. We also conducted an analysis that examined the impact of excluding New York subjects on the estimates of differences in semen quality among the remaining centers.
Semen collection and analysis. We requested that subjects observe a 2-to 5-day abstinence period before providing a semen sample. Prior to each of the two visits, which were approximately 3 weeks apart, we mailed instructions regarding specimen collection, including a schedule to assist the subject in timing his last ejaculation prior to the visit. At the time of the visit we stressed the importance of accurately reporting the actual abstinence period and assured men that their sample would not be rejected if they deviated from the recommended protocol. At the study visit men collected semen samples by masturbation at the clinic, and these were analyzed within 45 min of collection.
We determined sperm concentration for each of the two samples using a µ-Cell disposable counting chamber (Conception Technologies, San Diego, CA) and, for the first sample only, a hemacytometer (Improved Neubauer; Hauser Scientific Inc., Horsham, PA). Regardless of the counting method, sperm concentration was estimated for each sample as the mean of two readings, unless these differed by > 10%, in which case a third reading was taken and it was estimated by the median of the three counts. Ejaculate volumes were estimated by specimen weight, assuming a semen density of 1.0 g/mL. For this calculation each container was preweighed and the weight (written on the container) was subtracted from the weight of the container plus sample.
In the present analysis the percent motile sperm was counted in a µ-Cell chamber (Overstreet and Brazil 1997) and refers to the percentage of sperm with any flagellar movement, whether twitching or progressive. We calculated the total motile count (TMC) by multiplying the sperm concentration by the semen volume; values obtained by each of the two sperm-counting methods were used to calculate TMC. Determinations of motility by the methods recommended by the WHO (1999) were made on the first sample only; these data are not discussed here.
Seminal smears were prepared at the clinical centers and shipped to the Andrology Coordinating Center (ACC) at the University of California-Davis for Papanicalou staining, analysis, and storage. Sperm morphology was assessed by a single technician using the strict morphology method (WHO 1999) and by a second technician using more traditional 1987 WHO criteria (WHO 1987) . For each determination, 100 consecutive sperm were scored in each of two randomly selected areas of the slide and the percentage with normal morphology was determined. Under strict criteria for assessing morphology [the only method reported here and recommended by the WHO (Guzick et al. 2001; WHO 1999) ], only sperm with absolutely no defects were classified as normal.
In addition to the primary measures of semen quality (sperm concentration, volume, percent morphologically normal sperm, and percent motile sperm), we analyzed two derived semen parameters: total count (TC; sperm concentration × volume), and total motile count (TMC; TC × percent motile). TC and TMC were calculated using both µ-Cell and hemacytometer estimates of concentration.
Technicians from each study site attended a week-long training session at the ACC and had to be certified by passing a proficiency test before conducting any semen analyses for this study. The ACC also conducted quarterly quality control testing. Test results were reported to the ACC, where within-and between-technician variability were assessed. A coefficient of variation (CV) was calculated for each technician based on the average of four blind readings of each ejaculate, and these were averaged to obtain the intratechnician CV for each technique. Throughout the course of this study, all andrology technicians achieved CVs of ≤ 15%. The technicians' average values were within 15% of standard values for all semen parameters throughout the course of the study, except for hemacytometer counts, which were within 17% of standard values.
Statistical analysis. The primary outcomes of interest in these analyses were between-center differences in semen parameters, which we estimated in two ways. First, we calculated simple (untransformed and unadjusted) means, as these are easy to interpret and to compare with published studies. We report unadjusted sperm counts based on one sample per man, obtained by hemacytometer, the most frequently used method for counting sperm (Brouwer et al. 1998 ). We
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Because sperm concentration, semen volume, TC, and TMC follow markedly skewed (non-normal) distributions, they must be transformed before analysis. We transformed the data using logarithm (base 10), which is generally recommended for transformation of skewed semen parameters. We then used multivariate models to adjust for covariates of semen quality that appeared to confound these between-center comparisons. Finally, we back-transformed the regression coefficients for logarithmically transformed variables for ease of interpretation.
Because most men (85%) provided two specimens and because of the expected correlation between semen samples, mixed models that account for repeated measures were fit (Laird and Ware 1982; SAS Institute 2001; Zeger and Liang 1986 ) assuming a compound symmetry covariance structure (equivalent to assuming that all samples within a man are equally correlated). We used these models to analyze all semen characteristics determined on both the first and second samples. Concentrations by hemacytometer (and TC and TMC based on hemacytometer), which were only available for the man's first sample, were analyzed using a general linear model (SAS Institute 2001). We then compared the between-center differences in semen quality based on simple (unadjusted) means to the adjusted estimates obtained from these multivariate models.
We compared a number of self-reported variables across study centers and examined their relationships to semen characteristics. These include age, race, smoking, education, body mass index, fever in the 3 months before study entry, use of steroids, history of infertility, history of sexually transmitted disease (STD), cryptorchidism, and other genital problems. Characteristics of the semen sample and analysis that were examined include abstinence time, season (January-March, AprilJune, July-September, and OctoberDecember), time from sample collection to start of semen evaluation, and time to perform the semen evaluation. We excluded samples with missing or unknown abstinence times, or with reported abstinence of < 2 hr or > 10 days. Selection of covariates for the final model was based on their importance in the literature, biological plausibility, sufficient numbers within strata, and evidence of some effect on between-center comparisons.
Results
At the time the data set was created for this analysis, we had identified 4,825 potential subjects, of whom 33% were ineligible. Primary reasons for ineligibility include more than 36 weeks pregnant (38%), partner not available (18%), conception medically assisted (10%), not literate in English or Spanish (8%), either partner under 18 years of age (7%), or not pregnant (7%). Among eligible subjects, 55% refused participation (49, 63, 46, and 60% in Missouri, California, Minnesota, and New York, respectively) , and 12% of subjects were lost to follow-up. Among eligible subjects who refused participation or were lost to follow-up, 40% completed a mini-questionnaire (45, 29, 53, and 34% in Missouri, California, Minnesota, and New York, respectively) . At the time of this analysis, an additional 11% of subjects had expressed interest in the study or had begun but not yet completed participation. We compared questionnaire responses of subjects who would only participate if they were not required to provide a semen sample (19% of completed subjects) with the 512 men who provided one (48) or two (464) semen samples and had completed participation by 15 November 2001. From these 512 men we excluded 19 because of missing or out-of-range abstinence times. As discussed below, these exclusions did not affect study conclusions.
Univariate analyses. After exclusions, 493 men were available for analysis, of whom 410 provided two semen samples an average of 24 days apart. The abstinence time-adjusted mean sperm concentration for these two samples did not differ (p = 0.36), and results of both semen evaluations are included in these analyses.
Several population characteristics varied considerably; study populations and sample characteristics at the four centers are summarized in Table 1 . Race varied by center; in California only 23% of subjects were white (non-Hispanic) compared with 86% in Minnesota and Missouri. Subjects in California were also less educated (25% graduated college or technical school compared with 75% in Minnesota and 74% in New York). Age differed among centers, though less markedly; subjects were slightly younger in California (mean 30 years) and somewhat older in New York (mean 36 years). The proportion of men who smoked at least 10 cigarettes per day also varied somewhat by center and ranged from 3% in New York to 13% in Missouri. History of an STD (gonorrhea, chlamydia, or genital warts) was reported by 13% of men, and 3.6% reported a fever (≥ 101°F) in the 3 months before semen collection.
Mean abstinence time was within 6 hr of the study average (78 hr) at all centers. Time from specimen collection to start of semen analysis was also similar across centers and averaged 30 min. The time to conduct the semen evaluation varied somewhat more across centers. This time was shorter for the second semen evaluation (average 62 and 41 min for first and second sample, respectively) because the second evaluation did not include determination of concentration by hemacytometer or evaluation of motility using WHO methods (WHO 1999) .
As shown in Table 2 , which contains unadjusted semen parameters from each center, mean sperm concentration in Missouri was lower than at all other centers. Mean (hemacytometer) concentration was 38% higher in California than in Missouri. Greater differences were seen comparing Missouri with New York and Minnesota, which were 75 and 67% higher than Missouri, respectively. In this unadjusted comparison, the percent motile sperm was 8-17% higher in other centers relative to Missouri. Mean TMC was higher in all centers, but particularly in New York and Minnesota; compared with Missouri, New York and Minnesota were 74 and 77% higher, respectively. Semen volume and the percent morphologically normal sperm differed little among centers. Between-center differences in TC were similar to those seen for sperm concentration and are not presented here. In Table  2 we include sperm characteristics determined both by the µ-Cell chamber and hemacytometer to allow for comparisons between estimates obtained by these two methods. Table 2 also contains the crude (unadjusted) relationships between covariates and semen parameters. However, these relationships may be somewhat misleading, as they are unadjusted for confounding, which can be appreciable. For example, based on these unadjusted estimates, it would appear that semen volume increases with age. In fact, after adjustment for abstinence time and other covariates, semen volume is seen to decrease at older ages (Table 3) .
Multivariate models. Of the subject characteristics examined, race, age, smoking, recent fever, and history of STD were retained in final models, as were abstinence time, time from specimen collection to start of semen analysis, and time to conduct the semen evaluation. Genital infections other than STDs, education, and body mass index did not confound these analyses and were not retained in final models. Because steroid use was reported by only 12 men, and a history of infertility by four, these variables could not be examined further. Figure  1 contains (back-transformed) adjusted estimates of center-specific estimates of semen quality. The differences between Missouri and other centers based on these adjusted data are similar to those based on unadjusted means, as can be seen by comparing results from Table 4 with those from Table 1 . For example, percent motile sperm was 17% higher in New York than Missouri using unadjusted data, compared with 21% after adjustment. Differences (both adjusted and unadjusted) between Missouri and others centers were somewhat greater when based on hemacytometer counts than on µ-Cell counts. The (adjusted) sperm concentration in Minnesota, for example, was 62% higher than that in Missouri when based on hemacytometer, compared with 45% higher when based on µ-Cell concentration. Thus, the (crude) unadjusted estimates based on µ-Cell concentrations provide somewhat conservative estimates of between-center differences. Table 3 shows regression coefficients for all covariates in relation to semen parameters. Age was not related to concentration, morphology, or motility, but a strong nonlinear (quadratic) relationship was seen between volume and age
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(p-value < 0.001 for both age and agesquared). Non-whites had significantly lower semen volume than whites. Smoking more than 10 cigarettes/day was associated with decreased semen volume, but had little effect on concentration, motility, or morphology. Fever within the prior 3 months significantly decreased sperm concentration and motility, but not morphology or semen volume. The percent morphologically normal sperm was reduced among men who reported a history of an STD. TMC was significantly associated with all of these covariates, reflecting their relationship to sperm concentration, percent motile sperm, and semen volume, from which TMC is calculated. Similarly, significant associations were seen between total count and race, age (and age-squared), smoking, fever, and history of STDs, reflecting associations between these covariates and sperm concentration and semen volume (data not shown).
Abstinence time (restricted to 2-240 hr) was strongly and linearly related to sperm concentration and semen volume and TMC (all p-values < 0.001). Increasing time from sample collection to start of semen analysis and increasing time to complete the semen analysis were each associated with reduced motility.
Little or no association was seen between any semen parameter and use of steroids, selfreported urogenital abnormalities, or history of infertility, all of which were quite rare in this population. No consistent pattern was found between season and any semen parameter, either overall or within each center.
Sensitivity analyses. For the semen analysis we had excluded 12 men on the basis of abstinence times that were missing (n = 5), < 10 min (n = 2), or > 10 days (n = 5), as well as 7 men whose sperm concentration was more than 3 SD from predicted by the modeled relationship between concentration and abstinence time. To test the sensitivity of the results to these exclusions, we reran the model including the 11 men with an abstinence time between 30 min and 2,000 hr. Their inclusion did not alter the study's conclusions. In fact, the contrasts between Missouri and both New York and California were somewhat stronger, and p-values were unchanged or reduced slightly for all between-center contrasts and all semen parameters.
Because the number of subjects in New York was small, we also reran the model excluding these subjects. The effect was to slightly (2-5%) increase the contrasts between Minnesota and Missouri for all semen parameters, so that the model including New York subjects presented here slightly underestimates these differences.
Analyses to examine selection bias. We examined selection bias in two ways. One was to compare participants (n = 514) who gave semen samples with those who did not (n = 107) with respect to characteristics related to semen quality and fertility (race, age, education, smoking, recent fever, infertility, STD history, and TTP). There were no statistically significant differences between these groups for any of these factors. We also examined selection bias by comparing responses about fertility (whether either partner ever saw a doctor for infertility and TTP) from a sample of study subjects who completed the miniquestionnaire (n = 338) and from potential subjects who refused participation (n = 956). These fertility-related responses did not differ significantly between groups, although nonparticipants appeared to have somewhat longer TTP. Together, these analyses argue against significant selection bias in this data set.
Discussion
Our study found significantly lower sperm concentration and TMC in fertile men from mid-Missouri relative to those from New York, Minnesota, and California. The percent of sperm that were motile also varied significantly among centers. Differences in semen volume and percent normal sperm (by strict morphology) were small and nonsignificant. Table 3 . Analysis was restricted to samples with abstinence times between 2 and 240 hr. Concentration, volume, and TMCs were log-transformed for analysis; estimates are the back-transformed means.
a From mixed models including multiple samples per man (except hemacytometer).
The National Cooperative Reproductive Medicine Network, using methods similar to those employed here (Guzick et al. 2001) , classified men into three categories: fertile, subfertile, and of uncertain fertility. Men classified as fertile were those with sperm concentration (using µ-Cell) that exceeded 48 × 10 6 /mL with > 63% motile sperm and > 12% morphologically normal sperm. In our study of fertile men, there were significantly fewer samples from men living in mid-Missouri that met all three of these criteria compared with men in the three urban centers (1.1% compared with 8.5%, p < 0.001).
We examined three contrasts among the four centers (Missouri-Minnesota, Missouri-California, and Minnesota-New York). Of these, the Missouri-Minnesota contrast is least likely to be affected by confounding and selection bias. The recruitment rates at these two centers were comparable, and their study populations were quite similar demographically. It is reassuring, therefore, that differences in semen parameters between Missouri and Minnesota were large and highly significant.
Although some confounding may remain uncontrolled, we feel this is unlikely to explain the between-center differences we report here. We examined methodological variables (abstinence time, time to start, and complete semen analysis) and adjusted for these. Several personal characteristics of the men were related to semen quality and varied across centers (age, race, smoking, history of STD, and recent fever). After statistical adjustment for these factors, estimates of between-center differences were similar to (or slightly greater than) unadjusted estimates.
In addition, these findings are not likely because of differences in study methods at the four study centers. Common protocols and study instruments were used at all centers. All andrology technicians were centrally trained, and equipment and supplies were standardized across centers. Moreover, strict quality control procedures were implemented, and quarterly testing was conducted throughout the period of the study.
Our study was designed in collaboration with the International Study of Semen Quality in Partners of Pregnant Women (Jorgenson 2001) , and protocols and quality control samples were shared between the two studies. How do results of these two studies compare? Differences in concentration in the European study (Jorgenson 2001) were somewhat less marked than those we report here. For example, sperm concentration (by hemacytometer) in Copenhagen (whether using means or medians, adjusted or unadjusted) was 74% of that in Turku (Jorgenson 2001) . In comparison, sperm concentration (by hemacytometer) in Missouri was 57% that of New York and 60% that of Minnesota. Between-center difference in the European study increased somewhat after statistical adjustment, whereas semen volume and sperm morphology varied little among study locations. The four European centers were in urban areas (Copenhagen, Denmark; Paris, France; Edinburgh, Scotland; and Turku, Finland) . Although use of agricultural chemicals may differ among these urban centers, these agents have not yet been examined in relation to semen quality.
Using data from prevasectomy males, Fisch and Goluboff (1996) reported mean sperm concentrations of 132, 101, and 73 × 10 6 /mL in New York, Minnesota, and California, respectively. In our study, the urban centers also differed somewhat among themselves, but less than each differed from mid-Missouri. We saw lower sperm concentrations in California than New York and Minnesota, as did Fisch and Goluboff, but, unlike that study, we saw little or no difference in semen quality between Minnesota and New York.
Most studies of semen quality have been conducted in large metropolitan areas, and it is difficult to find comparable studies from semirural areas. Among the 61 studies analyzed by Carlsen et al. (1992) in a much-cited metaanalysis, 27 were conducted in the United States. Of these, only one, in Iowa City, Iowa, was conducted in a county of < 250,000 residents (Nelson and Bunge 1974) . In this Iowa population, the mean (hemacytometer) sperm concentration in prevasectomy patients was 48 × 10 6 /mL, which is lower than the concentration reported here for Columbia, Missouri. We compared population density, proportion of land in farms, and use of agricultural chemicals for the four centers in the current study as well as Iowa City, Iowa (U.S. Census Bureau 2001) . Acres in farmland ranged from 288,139 in Johnson County (where Iowa City is located) and 249,849 in Boone County (where Columbia, MO, is located) to 69,128 in Minnesota and 0 in New York City. Agricultural chemicals (fertilizers, pesticides, or herbicides) were applied to all (or most) of this farmland. A recent U.S. Geological Survey report on water quality (U.S. Geological Survey 2001) noted that extensive herbicide use in agricultural areas (accounting for about 70% of total national use of pesticides) has resulted in widespread occurrence of herbicides in agricultural streams and shallow groundwater in those areas. We are examining urinary metabolite levels in relation to semen quality in a subset of the population in a separate analysis and hope to obtain funding to obtain biomarkers of pesticide exposure on the entire study population. When data from the entire cohort have been collected, we will examine semen quality with respect to self-reported pesticide exposures as well.
This study has a number of strengths but also some weaknesses. Among its strengths are its prospective design and strict adherence to protocol to ensure comparability across centers. The exacting quality control demands, for all aspects of the study, have produced semen analysis results of extremely high precision.
As with all studies of semen quality, low participation rates and potential selection bias are of concern. In studies of partners of pregnant women, recruitment is particularly difficult because a woman must give permission before her partner can be contacted, unless he is present at the prenatal visit. To examine selection bias, we compared questionnaire data on TTP and history of infertility, as well as demographics, of study subjects and nonparticipants, and of men who did and did not give semen samples. Reassuringly, there was little evidence that these populations differed. However, the limited number of non-white subjects, and few subjects from New York limited our ability to examine this question within ethnic groups and at all centers.
The current analysis is not able to explain the between-center difference in semen quality demonstrated. However, the extensive data (questionnaire and biological samples) available on these men will permit us to examine a range of hypotheses in future analyses.
In the current study we found considerably reduced semen quality in Columbia, Missouri, compared with New York, Minnesota, and California. Although there may well be multiple factors on which Missouri differs from the other centers, Missouri is unusual among sites for semen studies because of its proximity to intensive agriculture. The limited availability of semen quality data from semirural, agricultural communities, the historically low concentrations in Iowa, and the low sperm concentration and percent motile sperm reported here for Columbia, Missouri, suggest the need for further study in such communities.
